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FOREWORD

This research was performed under Program Element 6.16.46.01.D, Project 5710,
Subtask 15.018, and was funded by the Defense Atomic Support Agency (DASA).

Inclusive dates of research were August 1967 to August 1968. The report was
submittzd 20 August 1968 by the Air Force Weapons Laboratory Project Officer,
Mr. Darrell hicks (WLRT).

The authors wish to express their appreciation to Gail L. Houser for his help
in preparing this report.

Information in this report is embargced under the Department of State ITIARs.
This report may be released to foreign governments by departments or agencies of
the U. S. Government subject to approval of AFWL (WLRT).

This report has been reviewed and is approved.
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ABSTRACT

(Distribution Limitation Statement No. 2)

A comparison between two one-dimensional Lagrangian hydrocodes has been made.
The two hydrocodes are a von Neumann-Richtmyer hydrocode (AFWL's PUFF) and a

Lax-Wendroff hydrocode (the two-step version with artificial viscosity). The

comparison was made by applying the hydrocode test problems as described in
HYDROCODE TEST PROBLEMS, AFWL-TR-67-127, February 1968.

The most apparent
difference between the von Neumann-Richtmyer hydrocode and the Lax-Wendroff is

the greater tendency of the Lax-Wendroff scheme to oscillate. In those flows

in which there are no strong shocks or strong rarefactions or vacuums, the Lax-

Wendroff scheme is more accurate. However, in those flows in which there are

strong shocks or strong rarefactions or vacuums the von Neumarn-Richtmyer scheme
is more accurate. The Lax-Wendroff scheme cannot handle vacuums because of the
use of the specific volume instead of the density as a fluid variable. It
appears that it might be possible to ccembine the better features of the

von Neumann-Richtmyer and the Lax-Wendroff schemes to produce a better hydrocode.
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SECTION I

INTRODUCTION

This report is the description of a comparison between AFWL's PUFF hydrocode
and LAX~WENDRCFF two-step method with viscosity. The basis for comparison is
the solutions these hydrocodes produce to a series of hydrocode test problems.
The problems involve shocks and rarefactions and interactions. The hydrocode
test problem solutions are known exactly. Brief des:rirtions of these test
problems will be given here. For more details see "Hydrocode Test Problems"
AFWL-TR-67-127.

1. THE PUFF HYDROCODE

Let the points of a rectangular network with spacings 4x and At be denoted
by x,, t", (4 =0,1, 2, ..., Li n=0, 1, 2, ...). There will also be occasion to
deal with intermediate points, having coordinates X g ] (x2+1 + xl), sz
%(tn“"l + t"), To facilitate the writing, introduce abbreviations such as

Vn2+!5 z V(x“%, t"), etc.
nHs _ -k n n-% _on _ n-k
R M Y T Y R S R 0
at <m2+;5 + mi-;i)/z
/
is PUFF's difference approximation to o %% = - éisigl, where ZM is the zone mass,

U is the fluid velocity, P is the fluid pressure and q is the artificial viscosity.

ntl _ .n
X2 X

L _ o
At UQ (2)

is PUFF's difference approximation to %% = U, where X is fluid position.
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Ayl
ol o &b
L1 xn-i-l _ Xn-f-l
2 -1

Po
is PUFF's difference approximaticn to rasle

o s _ ot
let aU = UY UG
Then PUFF's q is given by

n+) n
("9.-35 toe )

aHs P T | . (i
ot = (bec - € oSyt Jav :

-

where

Cl = ,25

cs

isothermal sound speed

dp

2
Cs b

e const.

e is specific internal energy.

n+ n (P ntl | o

0 = ok~ faok  \ack tapg v Pt qfi‘:ﬁ) .\

At 2 iyl g

is PUFF's difference approximation to

(3)

d
3%, where p is the fluid density.

(&)

(5)

Now
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which results from

_ 2e v, LV 13y
0 =3¢ (Bra) 3y and 3¢ 0, ox
where V = % is the specific volume.
Lastly, the equation of state:
+1 +
P - e (et o7)

PUFF's method of solution is this: Suppose all quantities are known

superscript n or n-% (this is referred to as being at cycle n). Compute

for each ¢ from (i), then compute X2+1 for each ¢ from (2), then compute

1
for each 2 from (3), then compute qug for each £ from (4), then compute

for each £ by simultaneously solving (13) and (14).

have been advanced to cycle nt+l.

Kt - ]
At = .9 min 1
n ™ - 202
3 CSR_%(1+Z Cl) .4COAU

wvhere, as in the q calculation,

C0 = 1.8, C1 = ,25
Remember
2 - dP |
CS< = o
e const.

Theraefore CS is the isothermal sound speed.

(6)

for
n+s
U2
n+l
Po-k
n+i

€o-ls

At this point all variables
Next PUFF does its time-step computation.

(7
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The isentropic sound speed is defined by

c? = %g |

l S comnst.

where S is the entropy.

For a y - law gas C%2 = yCS2. Therefore for AU very small

xn+l - xn+1
pom oSy min 5" ey
$-

-3 - 1L
G/ ~.7 for vy = 1.4

84

n+l _ yntl
o min X %
L Cn+1

2~

At =

6 is called the effective CFL number.

For further details about PUFF see AFWL-TR-66-48 and AFWL-TR-67-127.
2. THE LAX-WENDROFF METEOD

The LAX-WENDROFF two-step method with viscosity uses

u‘j’ﬁg - %(U?_H + u;') - (%;4 + q)(F31+l - F?) (8)

and

ol o ogn . At (Fn+% _ Fn+%) (9)

i 3 8z \"jHs -k

as the difference approximation to

U, FW _,
at 9z

P e AN M
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bldly - 43l
= (10)
n
(430

where d = Voc/V, ¢ is isentropic sound speed, V is specific volume and V, is a

constant with dimensions of specific volume defined by

2 = Vofpo(x)dx

in our case VO = 1 therefore, z is the lLagrangian mass variable. b is a dimen-~

sionless parameter which was chosen to be .5.

i -u
U={ul}, FU) = Vo P
E Pu

where E = e + %u2 and e is the fluid's specific internal energy, u is the fluid
velocity, and P is the fluid pressure.

The time step restriction is

where X is fluid position.

For

b= %,(1+2—2)%— %= .78

LAX-WENDROFF's method of sclution:
n+'s

3+
(8) then compute U;+1 for each j from (9). Now all variables are advanced to

Suppose all quantities are known for superscript n. Compute U for each j from

cycle ntl. Next LAX-WENDROFF does its time step computation
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xo+l xgtl

At = 6 min % 1

-3
where 8 £ ,78.

For more details see Richtmyer and Morton: Difference Methods for Initial Value

Problems, Interscience Publishers, a division of John Wiley and Sons, 1967.

3. THE HYDROCODE TEST PROBLEMS

Since the geometry is one-dimensional slab, the problems may all be thought

of as flows in a smooth pipe of constant cross section. There are seven problems.

The first problem is the flow that results from a piston moving into the gas with
a constant velocity. The second problem is the flow that results from pulling a
piston away from the gas with a c0nstaht velocity. The third problem is the flow
that results from a piston moving into the gas with a constant acceleration. The
fourth problem is the flow that results from pulling the piston away from the gas
with a constant acceleration. The fifth problem is the flow that results by
removing a partition between two different states of the gas at rest. The sixth
problem is the flow that resuits from the collision of two shock waves. The
seventh problem is the flow that results when one shock overtakes another one.
For more details see AFWL~TR-67-127.
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SECTION II

COMPARISON OF THE HYDROCODES

For each test problem, the exact solution, the PUFF solution, and the LAX-

WENDROFF solution will be described. In describing the PUFF and LAX-WENDROFF
solutions an err

Q

le and graphs of their solutions will be u i

used Lo compare
with graphs of the exact solutions. 1In the error table the numbers presented are

labeled Sum Abs. Error, Sum Sqr. Error, aud Maximum Error. These numbers are now

defined. Let PP(J) be the PUFF pressure in zone J and let PE(J) be the exact
pressure in zone J. Let PM be the maximum of the PE(J).

T |PP(J) - PE(J)I
Sum Abs. Error (for P) =

J PM

b 2

2 (pp) - 20)
Sum Sqr. Error (for P) =

max [Py (J) - Pp(D)]

Maximum Error (for P) = —> P SGN(PP(JM) - PE(JM))
M

Jy 1s the zone index of the maximum error and SGN is the sign function. The
error functions are likewise defined for the velocity, density, and energy
(specific internal).

Also in the error table are presented the sums of the internal energy, kinetic
energy, and total energy of the exact solution, FUFF solution, and LAX-WENDROFF
solution (the unit is ergs). In addition, the error table ccntains the problem

time, computer time (CP time on the CDC 6600), cycle number, and the number of
active zones.

The graphs are organized in this manner: pressure and density are plotted

in the same graph as are velocity and energy (specific internal). ;
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1. TEST PROBLEM SCTP-1

-y mz\,wmﬂr I: 1

a. The Exact Solution

LT

In this problem a piston moves to the right into the gas at a constant

velccity. The solution has a steady profile. The solution profile is two con-

c~tant states separated by the shock discontinuity. That is, each fluid parameter

(pressure, density, fluid velocity, etc.) is a constant from the piston face to

R

i the shock and each is another constant to the right of the shock. The symbols
3 used to describe the problem further are
! Cz sound speed to the left of the shork
é Cr sound speed to the right of the shock
é P2 pressure to the left of the shock
% P pressure to the right of the shock
' Py density to the left of the shock
Pe density to the right of the shock
g Ve specific volume to the left of the shock
[ v, specific volume to the right of the shock
\ fluid velocity to the left of the shock
Vp piston velocity
Ve fluid velocity to the right of the shock
Vg shock velocity
! XP piston position
XQ quiet zone, a position far enough to the right so that the g%z is
: § still at rest; energy sums are taken out to XQ
i Xs shock position
E There are two variations of SCTP-1 and these are denoted SCTP-I-A and SCTP-I-B.
g ' For SCTP-I-A the piston is started at C, and the shock is started at 50 meters,
? } with the fluid parameters on the right at
: \ P, = 10 dynes/cn?
] % v, = 0. cm/sec
E Y
3 i 8
L v
: .
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Xq

This yields

= 300 meters

C. Y x 10° cm/sec, which for y=1.4 yields

n

C 1.18 x 1G5 em/sec

r

Then one sets

vp = C. = 1.18 x 10° cm/sec and this yields

v, = 1.18 x 10° cm/sec
vg = 2.09 x 10 cr/sec
Pi = 3.47 x 10" dynes/co?
V, = 4.36 x 10° cm3/gm

>

This problem is run for .l second, with initial zones cf 1 meter. For SCTP-

I-B the shock is again started at 50 meters and with the fluid paraceters on the

right at
P = 10* dynes/cm?
Py = 1076 gm/cm?
v, = 0. cm/sec

XQ = 300 meters

This yields
Cr = 1.18 x 103 ca/sec
Then one sets

vp = 100 C_ = 1.18 x 107 ca/sec and this yields

v, = L.18 x 107 e=/sec
P, = 1.68 x 108 dynes/cm?
v, = 1.67 x 10° cmi/ga
Ci = 6.26 x 10% ca/sec
vg *® 1.42 x 107 cm/sec

This problem is run for 107 seconds with initial zones of 1 meter.
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b. The PUFF Solution

The regions whete the largest errors occurred were the regions where the
shock was initially and where the shock is currently. See Tables I-A and I-B
and Figures I-A and I-B.

c. The LAX-WENDROFF Solution

SCTP-I-A was run with a viscosity factor of .5 and a time factor of .78.
SCTP-I~B was run with a viscosity factor of .5 and a time factor of .25. 1In
order to get SCTP-I-B to run it was necessary to start off with 10 time steps

with zero viscosity factor and .025 time factor.

The regions where the largest errors occurred were the regions where the
shock was initially and where the shock is currently. The main difference between
the PUFF and LAX~WENDROFF sclutions is the oscillations behind the shock front.
The oscillations are much more pronounced in the LAX-WENDROFF code. See Figures
I-A and I-B and Tables I~A and I-B.

10
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2. TEST PROBLEM SCTP-II

a. The Exact Solution

PR

el K P

et

Y

In this problem a piston pulls away with constant velocity from the gas
at rest in a pipe. The piston moves to the left with constant velocity Vp < 0

away from the gas on the right. This causes a rarefaction wave to move to the

right. For a graphical description see the exact solution plots in Figures II.
The exact solution for the velocity is piecewise linear as a function of X.
Starting at the piston on the left at position Xp(t) the velocity is the constant
Vp from XP(t) to what is called the back of the rarefaction wave and denoted
Xg(t).

zZero.

From XR(t) rightwards to Xc(t) the velocity rises from Vp linearly to

Xc(t) is the front of the rarefaction wave. To the right of XC(t) the gas

is at rest so the velocity is a constant zer».
Xp(t) = Xp(0) + vpt
Xp(t) = Xp(0) + (cr
Xc(t) = XP(O) + C.t

The rest of the variables are then determined by the simple wave

formulas:

0 = ¢ + v,
C(X.t) 2
p(X,t) = p,.(—f——) y-1

r
C(X,t) &
P(X,t) = Pr( C ) v-1

r

There are five variations on this problem. This much is common .0 all

of them:

P. = 10% dynes/cm?

Py = 1075 gm/em3
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Cr
[N
K

. YP Jo,. = 1.4 x 1010 cm?/sec?

AX = 190 ¢cm
XP(O) = 100 meters
XQ = 300 meters

and ail variatious are run out to .l second. The variations are in the piston
velocity.

SCTP-I1I-A vp| = Cp/(141)
SCTP~1I-B lva = 2C,/(y+1)
SCTP-1I-C [vpl = 2¢./(v=1)
SCTP-1I-D [vp! = 4C_/(v-1)
SCTP-1I-E Free boundary condition on the left in place of

withdrawing piston condition., That is, it is as
if at time zero one removes a separator to the

left of which is a vacuum,

These variations were introduced to investigate the codes response to
the following situations: in A, Xp(t) moves to the right with velocity Cr/Z; in
B, Xz(t) is stationary. In both A and B the piscton is not pulled out too fast
for the gas to follow; therefore the pressure and density are positive constants
from Xp(t) to xR(t). However, in C, D, E, XR(t) moves to the left with velocity
-2C./(y~1) and between Xp(t) and X (t) there is a vacuum. 1In C the piston is
pulled out with exactly the escape velocity of the gas, -ZCr/(y-l), therefore,
Xp(t) = XR(t). In D the piston is pulled out faster than the gas can foilow and
80 Xp(t) < Xg(t). 1In E the code is allowed to compute its own escape velocity.

b. The PUFF solution

On A and B PUFF tended to underround at Xc then overround at XR and
undershoct just to the left of Xp. See Tables and Figures II-A and II-B. In
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C, D, E PUFF again tended to underround at X.. In E the gas front did not move
as far to the left as it should. This is because of the finite mass in the left
hand zone. If the zoning were made firer to the left so that the left hand zone
had a smaller mass, then the left hand zone would move out mure nearvly at the rate

at which the gas should escape. See Tables and Figures II-C, -D, -E.
¢. The LAX-WENDROFF Solution

Because the LAX~WENDROFF scheme uses specific volume instead of density
it is able only to run SCTP-II-A and B. This is because of the vacuums in C, D,
and E. In the vacuum the density is zero and the specific volume is infinite.
If this scheme is to be used for prohlems in which there are vacuums or near
vacuums the specific volume must be changed over to density. The time step

factor used was .78 and the artificial viscosity factor used was .5.

In A and B the LAX~WENDROFF scheme tended to underround at Xc» then over-
round at Xp, then undershoot to the left of Xg> and then dampingly oscillate
toward the left.

Lastly, one zone to the right of the piston face there is a density dip.
It is believed that the reason the LAX-WENDROFF scheme has larger errors on
this problem is because it has a q-factor (artificial viscosity) in expansion.
In the PUFF code ¢ is not used in expansion--only in compression. it seems that
for the LAX-WENDROFF scheme to compete with PUFF its g needs tov be modified also
for compression as noticed in SCTP-I. One other thing at this point: notice
that the computer times for the LAX-WENDROFF scheme are longer. This is because
PUFF is a production code and much time was spent making it run efficiently. On
the other hand no time was spent trying to make the LAX-WENDROFF scheme coding
efficient. The difference scheme was merely programmed to test its accuracy.
So, if the LAX-WENDROFF scheme is to be used for production, then time shculd be

spent in making the programming more efficient.
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AFWL-TR-68-112

3. TEST PROBLEM SCTP-III
a. The Exact Solution

In this problem, a piston proceeds with a constant acceleration into a

gas initially at rest (by "gas initially at rest' is meant that the initial

R = A i SRR Uy TS WA

conditions are as follows: velocity is zero; density, pressure and all other
fluid parameters are constant). This forms what is called a compressioh wave.
At time tg = ZCr/a(y+l), a shock wave is formed (ts = time of shock formation,
C, = sound speed of the gas at rest, a = acceleration of the piston). Until
time tg, the variables are continuous and the solution is easily found.* More-
over, except for one point (th: front of the compression wave), the variables
are smooth prior to tg. The corpression wave front up to time tg is Xc(t) =
C.t. After that time, the compression wave front is a shock, i.e., there is a

discontinuity in pressure, density, velocity, etc.

The solution for the velocity is

v(X,t) =

for Xp 2 X s Xg, 02t 2 ¢tg,

and

v(X,t) = 0 for X > Xc

* See K. 0. Friedrick's paper in 1948 Communications Pure and Applied Mathematics,
page 211, for an investigation of the soluticn after shock fermation.
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Then the simple wav~ formulas yield

c cr(1+ > Cr)

-1
C
P=P (—

Notice that at time tg = ZCr/a(y+l) and position Xg = C .tg» the

lim vx(x.ts) = - ®

X+Xs_

This indicates that a shock forms at (Xg,tg). For further details see Hydrocode
Test Problems, AFWL-TR-67-127.

The necessary data for this problem are:

Initial values: P., pyy Vi

Boundary values: At the piston position XP = %-atz the velocity is vp = at.
There are two variations of this problem:
SCTP-III-A:

P, = 10 dynes/cm?

o, = 1076 gm/cm3

ve = 0

C,? = YRV, = 1.4 x 1010 cm2/gec?

a = C./1 sec

AX = 10 meters
XQ = 1500 meters

This problem is run to 1 second. The shock forms at .833... second.
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SCTP-III-B
We vary this from A by setting

a=10 Crll sec

A0X = 1 meter
XQ = 150 meters

This problem is run to .l second. The shock forms at .08333 second.

b. The PUFF Solution

The main error made by PUFF is a slight overround at Xce

See Tables and
Figures III.

c. The LAX-WENDROFF Sclution

The most noticeable error made by the LAX~WENDROFF scheme is the oscilla-
tion just left of X,. See Tables and Figures III.

The time step factor used was
.78, the artificial viscosity factor used was .5.

59

P S i

Py

[RPRREPRTRARIE SR, -2 B St et




60T X SZ0€9°Yy gOT X 88/79°C 60T X 669¢C*% NIMXVT
60T X ££0£9°Yy g0T X (Z8¢9°'CT 50T X %6/9¢€°% 1OVX3
£313uz 303 uwng A313ugz -uyy wng A8319u3 ‘jul uwmg
I% 3o 3397 souoz A <10t -~ 670" 8s0° £31augy
JX 30 2397 souoz 4 0zo* - €€0* 860° £31svaq
u % 30 3337 seuoz g £y0° - 80" cee” 43y0079)
JX 30 3397 seuoz z 120° - SE0* SoT” Janssaxg

10113 WNWIXEY JO UOTITSOg

1011% WnuIXeyR

20131y °*3bg wng

20327 °sqy wng

0ST = S3U0Z JATIOY JO I3qumy
YTZ = 9T24D

R e T S

4408aNAM-XV1

098 g% = Jwyl 133ndwo)
038 £EER* = BWII waTqoxy

, 60T X $27€9°% g0T X $0979°¢ 60T X ©889¢°y dand
c0T X £80€9°% g0T X $9829°Z 60T X 0089€°Y 1ovxXa

' A31z3u3 ‘3ol ung £813uz -uypy wng £813u3 *3juj wng
Oy £20° + 1€0° 660° A312ug
\ Iy 9€0° + zs0° 942 £318uaq
~ O 180° + €11 LIAN A31o0T9)
Oy 8€0° + ¥50° XA 21nssaxg

10117 WhmMFX®R JO UOTIFSOg

20217 WNWEXER

xoxag -abg mg

20133 °sqy wng

088 77 = swyl z93ndwo)

b s Rdadidi N 7

; ! o §TT = S?2uU0Z 23AaT3I0Y Jo aaquny
i . v #4942 = 91243 595 £ELE° = SWFY WOTqOLY
fog asna
: &
1
t % m V-IIT-diD5 RO S3OW¥d
: 1
. m V-111 °14qe]
) gﬁ%%«; b ot e R B e Ot M IR o ksl e~ ki s N — ) .

2

60

Ho O A T S A T LT At £ NS R LN UAOT £ he. WL




B

e B

AFWL-TR-68-112

B X TR B R A A S A N7 V4T R g e - e

N ot W e ot Kb 5 e

[T R SO

g0T X €L0€9°Y (0T X 88L29°C g0T X 96/9¢€°% NIMXVT
g0T X LL0€9°Y (0T X (2829°C g01 ¥ %6/9¢°Yy 1oVX3
£313uz +303 mng K3aaug -upy wng £333u3z ‘3jul uwng
Jx 3o 1391 sauoz g cT0° -~ 6T0° LSO £3a3ugz
Jx 30 1391 souoz z 0¢co* - €€0° 860" £31suag
J% 30 3397 ssuoz g Ly0° - 8L0° otz L3100713)
JX 30 3397 sauoz g 120° - 580" SOt aanssaagd
30113 WNWIXTH JO UOTITSO] 10113 wWnNWIXER aoaaz °*abg wmg 10333 °sqy wng

0ST = S2UO0Z SATIOY JO adquny
Y1Z = 3724

JJ0YANEN-XVI

095 g = w3l x93nduon

(X %%: {0}

= 3WIl warqoxd

g0T X %Z1€9°% (OT X %0%29°Z g0T X .#889¢°% aind
g0T X [80€9°% (0T X %9829°¢ @0T X 0089€°% 1ovxd
£319ug -303] wng £313ug °uyy wng £Ba3ug *3ujy umg
Ix €20° + 1€0° 660° A829uy
Oy 9€0° + 2s0° 94z ° £31suaq
Oy 180° + €IT" yZe® £L3300194
Iy 8€0° + ¥50° sez” 21nssa1g
20113 wnmEXeR JO UOTITBO4 103213 uNWIXey 20X3F .va g X011d °*sSqQy ung

81T = S3U0Z 9ATIOY JO xdquny
%2 = 314D

dand

998 Z¢ = SwTl a33ndwmo)

095 g£e80°

= JWYl wayqoad

4-ITI-dL3S NO Syo¥yd

g-I11 ®Tqel

61




!§§ .
10VX3-0d “v-111 anbi4 )
(W3} Qe SNIOHY |
Okt 0et net orr ot Qe Qe Qc Qg Qs Oh Qe e !
Q T T T T T T T T T 7 T 0 ~
h - 1+
8 - 4 g
! g
el - 4 2l
\
L .
g1 ~ 4 91
02 - 4 Q2
{ /Q
e 4 ;
|
anms [ ]
u ULy ¢ Old
1 i [ 1 1 i A 1 ' i %
) ‘ U-I111-d13S
i v .OUEEE"8 NIl NOILNT0S 12uX3
B ™ . - EREAE IR, T AT PRSI TN * - o -

iyt .,
i » ) - - s

B e e Snfie™ 7 « Lt




“ h e

- I v by R - e )
B & " -

a1

atdi

Oht

1DVX3-3A “v-111 3inbiy

(W) 0l 5N, 08
Qet a2t otl aat 06 R oL 03 Qs Gh
T L]

Qe

PEEEET A

[\

T T i 1 i L

i 1 1

aa

i
g-111-413S
Ol£ee"8 INIL NDILMI0S 12uX3

1

63

P

o ot et A S —————————




iiNd-0d "v-i11 3anbyy

(WJ) _ 0lc SNIOBY
ThT 0€el 0ct ol 001 06 08 0L 09 QS Oh o€ 0c
o 1 T T Ad e b“t}&‘ bx Ad bbb iddd ﬂt}} A -btﬂb- hhhhhhhhh d-bbb. aaal ) 4 T v o
3 o - ’
8 o 48
d
ol B 4 21
a1 - 4 9
Oc - 4 o2
* [s]
/
he = he
earn anngse
Otd Jold
1 1 i 1 ) ! L L 1 L L i
99 440\d 4-111-d128

OUEEE's  IWIL hhe 31010




R

ey PRV PI R DTSN PTG Lo MR ol - ey .- e EE O G e

44nd-3A °v-111 aunbiy
(W) Olc SNIOBY

okl 0El 021 o1t 00t 06 08 oL 09 08 Oh 0E 02
2~ — e B e | Abbih sqpiousa ' r Y 0

_ .l |
{
. 2t 1 o
: 3
. ; " i 1

4 /J

i

i B
. ¢ 9 . 4 on

WA
01 ,01a

' - 1 i A - . A | .

DR e P I
1

1 . 1
99 ddfi- U-111-d13S
,OLEEE"B =T hhe  3T0AD

5y

Bk an N

»




- e S S A R
1 ]
i
}
JH0¥ONIM-XY*0d *V-}11 31nb}4
; (W33, O« SNI0YY !
; Ohl DET o2t 118 00t 06 08 1] ag 0s Oh 0€ o2 \
mu_ o »-»m»b»»?»-b m b»n»-hbhd-b-b A d»b b b n-m-»- Add -sdxbh AdALALARL & .d: Addbdd — Aibdidd d - ﬂ o &
: h - 4 &
P 8 - 18
w g

2! - 4 ot
, !

! 8

_ gt | 4 9t '

e 1 €

S~
: 4]
o he 4 n
- . [,
|- ] i
K .01C . Dlsd

: ] ) 1 1 1 1 5 1 i 1 I8
NIMXE B~111-d13S
¥ OUEEE'S  3mIL ht2  373k3




TR BRI R = = i et

T

T,

i

01

01N

BTN ENINIMQRLTNNI . ~an o ot <+ e o — AT e
J04ANIM-XY1-3A 'v-11] dnbyy
(WD), Ol¢ SN10WY
Ot Oet oct oul cot 06 09 oL 09 0S Oh 4] 02

st OOAS TEVTUTATSUTUTEI -+ FUVPRIIL - PONIIUTIIT - WVPTTIIROY - BTN - A . ) a !

B ~~ 10

- < 0c

e

o -4 oc {
. = “
- - Oh :

o 4 08

- 4 09
t

- h
-r—
,01a
1 i I 1 I} J L ) D 1 i 1
NaMXul U=-111-d13S
1O-mmn.m W1l hl? 3T3\D
'
i
T T VS ———
ode Intirpan Pudi 9l b.-w . ] A " N \e, . X N e :




10VX3+ad °8-111 ainbi4 i
(W3) , 0T« SN1aYY

04t Qel 0ct att 001 06 08 oL Qg Qs 0k Q¢ Qe
8 T T T T T T T T Rl T T _ 0]
h - 4 &
8 - 4 8
. g
el o 41 cl
8
a1 - 4 91 '
0c - <4 0¢
N i
he B 4 &S F
i
j
. o .
RUL1  0ld
1 2 L i L 1 1

1
B8-111-412S
,OLEEE"8  3WIL NOILNTBS 136X3

e e GE s e e gk WRONE 87 st e Bt

] .
R I L L T S WA T W ) Pr




TAR e

RRSaans Fagatin At LA Lont-00

SOy

SON At =5 Xt

Ll XN

Y

4

LRIy

Laall S A i s iy

NI B LGS TS A St ORI BT S gy b

o
()

10VX3-3A °8-11} aunbyy
(WJ) Ol¢ SNIguy

Okl Qet QOct Q11 001 06 08 0L Qg oS 0t oc Qe
i 1 R 1 1] { ¥ M { l v O
_l n N O~
. 4 Q2
|

» -1 Q¢
B <4 0Oh
- 4 @S
- 1 09
ey e

.D~G

1 1 1 1 1
B-111-413S

LOLEEE 8 WL

NQILNIQS 138X3

69




3iNd-Gd °g-111 34nbi4

(831 0%« SN1oYY
Ohl O£l oet otr 0ot 06 08 0L Q9 Qs Ok

o ! ' T T Y L Y n

S g An, AFF 7 RMIL S e SO RIS, TAME TR TR '«t*"

[

1%

cl - 1 ¢l

10

91 ~

as - 02

— —
anae .
01da ,0td
3 Y 2 a L 1 1 ' 1 1 '
99 140d g-111-413S
,OlEEe"8 MIL hhe 3TIA3
¢
. N R R ot a RS W sl WS RTT T DT - - :

T T I VL L S VDUV R O L YW S T UL L SV OO P SR PWoH P S ST




AR S N AU ORI L meran - kT v W 4 8

¥
i
.
w.

o1

g1

TR . .
e ) R » L W - e - e -

320d-3A "g-111 3anbi4
(W3}, OTc SN10BY

Ohl 0Ll 0elt ot ont 06 08 V]2 09 0S Oh Qe 0c
T T 1 Y T 1 Y Y Y L
= .
- -4
3
1 1 1 1 1 1 1 1 L ot 1

99 J44Nd 8-1{1-d13S
,OlEEe"8 3WIL hhe 37343

01

0c

ah

0s

03

,01a

1l

. e e

e O it =




s

TS

TRESTITITIES T I
o

Py oV s w e

cl

g1

3 02
rt
4
|
;
, he
Qg
.01Q
(8
4

Dias i oo

Ohl

J404GNIM-XVT-Gd *8-111 3inbiy
(W3), Oc SN100Y

Oel 02 Ot 001

Addd A A A bbb dd ok bbb b by hodnadiedech b A Db bk Ab bbb AdddbAALALLALSAAL

06

0e

= ' : + ' A st tiigs iy - 0
- - ’
= 4 8
g
S { at
i 1%
o]

- -4 3N
anus
 0ld

L 1 1 ) 1 i L 1 A
NaMXH1 g-111-d13S
,LOlEEE" 8 aWllL hl2 313A3
o PRI " VI L WTOAE - el ] 22 EYT TN UL DL 1 Y - «

Y4

i

EE . SWEERE




. L e aare e I EOTEONAC  ope T v .

4J04AN3M-XV1-3A °8-11) 3Jnbyy
(W), Ol« SN1OBY
08

Ohl OEl 021 ot 0t 06 oL 09 0S Oh 0E 02

N‘ 2, -‘W aheddid b, meb A A Ak -4-»- Adddhd -— -F&-»»-bemb-bbhbhhbn i —- .-.h»n-»n..-»»db-n--»»»bh-.-.-d.- n AbAaiddid -dbh» A A LAbald d - O
0 - 1 o
2 - 4 02

3
b R 4 oe
o) = <4 Oh
. 8 10
0t - 4 09
;|ND L 2 ]
. L 013
1 1 1 1 1 1 L 1 1 1 i
N3MXH g-111-413S

,OUEEE"B 3HIL hle 370A3

3




Sy v T e A TRV TR TR RANTIIAT e AR - e T PRTWR L TSRS Y R Y TR T e s T VTR ey s R R AT T T e T
AR T S T AR BRI T - e b2 .

-

AFWL-TR-68-112

¥
¢

|, e o gy £

4. TEST PROBLEM SCTP-IV

2

a. The Exact Solution

In this problem a piston has a constant acceleration, a, away from a gas

at rest. The piston is traveling to the left. Eventually, the piston speed

This speed is ZCr/(y-l), where

This speed is called the escape speed
of the gas and when the piston exceeds this speed a vacuum occurs between the
piston and the edge of the gas.

exceeds the speed with which the gas can follow.

C, is the sound speed of the gas at rest.

t, = 2Cr/|a|(y-1) and position Xp(t,) = X, = 4 atg. The solution for the velocity

The piston pulls away from the gas at time g
is

et gAY
e -
[ Ama,, el N

2
- (Cr - 1%-]:- at) + J(Cr - -%'—l-at) + 2ay(Crt: - X)
v(X,t) =

for Xp £ X3 Xo, 05t st X, = at?, Xo = C.t

v(X,t) = 0 for X>X, for all times.

%
l:,
K
i
%’:
:
1
v &

L

For t > t, there is a vacuum from XP to the gas front. The gas front is at
2C,
X - -1 (t-t,). Therefore the velocity is really meaningless in this region.

- “a
e

But the pressure, densitv, and sound speed are all zero in this region. From the

s S B RN

gas front position on to Xc the above formula for the velocity holds. Once the

velocity is known the simple wave formulas yield

Sl &
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The necessary data for this problem are:
Initial values: Py 000 Vo
Boundary values: At the piston position XP = kat? the velocity is vp = at
There are two variations of this problem:
SCTP-1V-A:

P, = 10" dynes/cm?

op = 1076 gm/cm3

v. =0

C% = yPrVr = 1.4 x 1010 cm?/sec?

a =- C./1 sec

AX = 1) meters

XQ = 1500 meters
This protlem is run to 10 seconds; the vacuum forms at 5 seconds.

SCTP-IV-B:

Same as A but a = - 10C./1 sec, run the problem to 1 second and the vacuum occurs

at .5 second.
b. The PUFF solution

PUFF's main errors in this problem are at Xc and Xp. At X the error
PUFF makes is an underround in pressure, density, velocity, and internal energy.
The error PUFF makes just to the right of Xp is due to the fact that PUFF is a
Lagrangian code and the mass that was originally in a zone remains in the zone

and therefore the density and pressure can never go to zero. See Tables and
Figures IV.

c. The LAX-WENDROFF Solution

Since a vacuum occurs in this problem and the LAX-WENDROFF code uses

specific volume as a variable it cannot run this problem.
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5. TEST PROBLEM SCTP-V
a. The Exact Solution

This is called the shock tube probiem. It is an example of the more
general Riemann problem. The Riemann protlem is that of determining the flow
after the conjunction of two states, left state aand right state, with P,, Pgs Vg
the constant values of the lefr stste and P., 6.» Vy the constant values of the
right state. In the shock tube problem, v, and V. are no longer arbitrary but
are set to zero. So the problem may be interpreted as the determination of the
flow after removal of tha membrane separating two constant states at rest. As
a convention, take Py 2> P,. 2 0. Then in the code test precblem the thrze poss .-

bilities, Pg > Pps Pg = Py and Py < Pp will be explored.

At time zero, the membrane is removed. The resultant action is a rare-
faction wave traveling into the left state and a shock traveling ianto the right
state. The velccity is v, = 0 to the left of the rarefaction wave. From the
left of the rarefaction wave to tke right, the velocity rises linearly from G to
Vy > 0. The velocity is censtant at vy from the right of the rarefaction wave
rightward toward the shock. At the shock, the velocity jumps from v, > O down
to v, = 0. The pressure drops continuously across the rarefaction wave from P,
to P . The pressure has the value P constantly from the right of the rarefaction
wave to the shock. The pressure drops from P, to P, across the shock. The densi-
ty drops continuously across the rarefaction wave from py to a value P’ which
it maintains from the right of the rarefaction wave to the point in the fluid

where the initial discontinuity was and there the density jumps up to Pmr*

From the initial discontinuity point to the shock, the density jumps down

from Cor £O Pprs which value is maintained all the way to the right.

The left side of the rarefaction wave is at X.(t) = X;(0) - C,t, where
Xg(0) is the position of the shock at time zerc which is also the position of the
initial discontinuity.

The right side of the shock is at

Xg(t) = Xg(®) - (¢ - B v e

86
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The shock wave is at

Xg(t) = X5(0) + vgt

where vg is the velocity of the shock

The initial discontinuity point of the fluid is at Xg(t) = Xg(0) + vy t. The

middle values v, and Pm are determined by simultaneously solving

<
L}

‘/ v,
m Vet Cn - P ¥ G 7 GoD B

and
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Solution Summary:

LEFT
REGION { For X £ Xc(t), the values are Pz, Pas vy
For Xc(t) <X < XR(t), the values are
X - xc(r.)
v(X,t) = v
Xp(t) - Xc(t:) m
RAREFACTION =1 v
REGION 1 ¢ Cz(l -3 cz)
2y
C \y-1
P=pP[—
j‘(C:t)
2_
o of&)”
.
For xR(:) X< Xg(t), the values are P Vg
MIDDLE
REGION 1 For Xp(t) £ X < Xp(t), the density is Pmg
For Xp(t) < X < Xg(t), the density is Por
RIGHT
REGION For X > Xo(t), the values are | SUP v,

88
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V.

The neceesary data for this problem are
INITIAL VALUES: Prs 04y Viy Py, Pgs Vg
BOUNDARY VALUES: At X = 0, hold the values at Pi, Do and v, at X
(the right boundary) hold the values at Pry vps
There are three variations of this problem

SCTP-V-~A:
XS(O) = 100 meters

84X = 1 meter
P, = 108 dynes/cm?
py = 1075 gm/cm?

=0
= 10" dynes/cm?

= 107% gm/cm3

=0
= 250 meters

These values imply the following values:
1.888 x 107 dynes/cm?

Pm
= 3,964 x 10% cm/sed
3.040 x 107% gm/em3

Png
5.982 x 1078 gm/cm3

He

Pmr
vg = 4.760 x 10% cm/sec

This problem was run to 2 x 1073 seconds.

SCTP-V-B:

! This probiem is the same as SCTP~-V-A except

: Xg(0) = 250 meters
p, = 1076 gm/cm3

XQ = 500 meters
89
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These values imply the following values:
Py % 4,610 x 107 dynes/cm?
vp ® 6.196 x 10® cm/sec

5.751 x 1077 gm/cm3

Pmg

o 5.992 x 1076 gm/cm3

nr
vg * 7.437 x 108 cm/sec
SCTP-V-C:
This problem is the same as A except
XS(O) = 250 meters
Py = 107 gm/cm3
p, = 1075 gm/cm?
XQ = 500 meters
These values impiy the following values:
P, * 7.406 x 107 dynes/cm?

Vo % 2,484 x 10° cm/sec

Pmg 2 8.070 x 10~7 gm/cm3
Py = 5995 x 1073 gn/cm? i

vg * 2.981 x 10% cm/sec

b. The PUFF Solution

On SCTP-V-A, the most noticeable error was a smearing of the density
discontinuity at X,. The only errors were the typical underrounds ari overrounds

at corners.

On SCTP-V-B, there was a bit of oscillation in the density in the
compressed region and a little overshoot in velocity and an undershoot in pressure

at XR.

On SCTP-V-C, the dominant error was a siight undershoot in the pressure

at Xp. The other error was a slight undershoot in the pressure at Xp.

For more details see Tables and Figures V.

9u
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c. The LAX-WENDROFF Solutiomn

In order to run this problem it was found necessary to cut the first time
step and artificial viscosity factor down to one-tw.ntieth the rermal time step,
cut the second time step and artificial viscosity down to twe-twentieths of the
normal time step, etc., until the twentieth step and thereafter allow the !
normal time step and artificial viscosity factor. The time factor used was .78

and the arcificial viscosity factor used was .5.

lhe most noticeable difference between PUFF and LAX-WENDROFF in SCTP-V-A
is the pronounced spikes at XD and Xs in LAX-WENDROFF (see Figures V-A).

In SCTP-V-B the spikes are not so bad bu: there is quite an cscillation

in the velocity just right of Xp (see Figures V-B).

In SCTP-V-C the overshoot in the velocity at Xy has gruwn mere pronounced
(see Figures V-C).
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6. TEST PROBLEM SCTP-VI
a. The Exact Sclution E

This problem is the collision of two shock waves. It is another special
case of the Riemann problecm. Proceeding from left tc right, the initial values ;
are Py, Pos Vg connected by a right-facing shock te Pﬂ, Prs Vg which in turn is

connected by a left facirg shock to Pr’ Prs> V As a conveniext convention one

-~
-~

takes Pg 2 Pr 2 Po.

After collision & shock travels back to ihe ler: and - shock travels on
to the right from a middle region in which the velecit!; sud uvrossure are constants

Vi and Pm.

For a shock facing te the right

Vo © vr + ¢r(Pm)

and {or a shock facing to the left

Vm = Yy~ °£(Pm)
where

2v

a
¢a(B) = (P ) Pa) GFD? + (-1)P

a

From these two equations, P and v, are determined.

The density profile proceeding from left to right is Pg» then it jumps ap
to p;; at the left-facing shock, then at the point of collision (in the Lagrargian

coordinates) the density jumps to p then at the right-facing snock the density

mr:
jumps down to p,.. The Rankine-Hugoniot relation determines Omi and Opre That is,

Py + P
O=e)-eg +—3 (vz'vmz)

113
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and
P +pP
m T
0--em.--e,_.~f~-------———-~2 (mr‘vr)
Where

and, of course,

Vmg Pass Var Par

i s All of the shork velocities may be computed by
|

Prv—

1 . 3~ 1
: ; "s"j:.“r"’z*“i.l"risl("{‘lvz

2
3~y 2
+ -—-4 vt) + Cr

Y kel

where + ig taken for right-facing shocks and - is taken for left-faciug shocks.

. For example, prior to collision (let ¢ col be the time of collision) the velocity

of the right-faci.g shock 64

E ’ *¢., the shock on the left) is

P

: 2

b L 1wy 3~y (1 3-y ) 2
r; 3 \Sl Tv£+‘-’:;-—v0+ J-%IVQ+TVO +Co
E

and the velocity of the left-facing shock (1.e., the shock on the right) {is

T T T

2
1+y 3~y . 1+y 3~y ) 2
VSE'"T Vo + & Ve~ J(-—r v°+Tvt +Ct

After collisfon (for ¢t > ¢

cop) the velocity of the left-facing shock (1.
shock ou the left) is

e., the

~
TR T P O, e iy
: ;

4
<
»
(™
~
W
[]
]

2
+ 1+y 3~y )
Sr 'Tvz*’T"t'J('sz*T"n + G2
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and the velocity of the right-facing shock (i.e., the snock on the right) is

o e e A

where as before C stands for the isentropic sound speed.
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Solution Summary:

Prior to collision (t < tcoz)

LEFT
REGION { For X < st(t) = XSQ(O) + vgot, the values are Poy by v,

MIDDLE

REGION ; For st(t) <X« xsr(t) = xsr(O) + Verts the values are Po, Por Vo

For X > xsr(t), the values are P

r? Prs Vr

RIGHT
REGION

After collision (t > tcol)

RIS

:.\* F * *
. RéglgN { For X < X z(t) = Xeog + vSl(t-tcolx the values are Pos pgy Vv

S 2

/ * * 2]
For Xg,(t) < X < Xg.(t) = Xeop ¥ Ver(tteg,)s

MIDDLE

REGION the values are P, v, and P for X < Xcoz + vm(t-t )

coL

S - and o, for X > X o+ vp(t-t, ,)

RIGHT

*
REGION { For X > xsr(t)' the values are P, Pes Yy

ERETEEIARI G Jowsic et ]

Crwy

ey

Ay
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The necessary data for this problem are:
INITIAL VALUES: P,, Po, 0y, Vgs Py
From these all other initial values are determined.

BOUNDARY VALUES: At X = 0 (the left boundary) hold the values at Py 03
vy. At XQ (the right boundary) hold the values at P,

pr!‘ vr'
There are two variations of this problem:
SCTP-VI-A:

AX = 1 meter

XSQ(O) = 75 meters
xSr(O) = 125 meters
XQ(O) = 2060 meters

P, = 10% dynes/cm?

Pg = 1076 gm/cm’

o
L]

. 108 dynes/cm?

107 dynes/cm?

g
L]

v =0

These values then determine the following values:

5.997 x 1076 gm/cm3

* 5,97 x 107% gu/cm3

©
L

9.13 x 105 cm/sec

¥ -2.88 x 10® cm/sec

<
R

1.095 x 107 cm/sec

-3.46 x 10% cm/sec

& -4
teos 3.468 x 107" sec

> 4
xcol 1.13 x 10" cm

P * 3.66 x 108 dynes/cm?

Pt % 1.43 x 1075 gm/cm3

117
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Opr * 3.09 x 1075 gm/cm3

wa

Vo = 1.96 x 105 cm/sec

* -
vgy = 3.75 x 10° cm/sec

g

*
Ver = 5,72 x 108 cm/sec
This problem was run to 7 x 10~% sec.

SCTP-VI-B:

N S LT

This problem is the same as A, except P2 =P = 108 dynes/cm?.

This yields the following values:

PP

Py = Py * 5.997 x 1076 gm/cm’

oy

vy ==V, = 9.13 x 10° cm/sec
Vg, = “Vgr % 1.095 x 107 cm/sec
oo & 2,282 x 107" sec

Xeo2 = 1.00 x 10 cm

Py * 7.995 x 10° dynes/cm?
v, =0

m

Py = Pmp = 2.098 x 1075 gm/cm3

AR TR WO

* *
-VSR. = Vs!

This problem was run te 7 x 10”% sec.

.= 3.65 x 105 cm/sec

b. The PUFF Solution

E The major errors in evidence were the spikes in the density and internal
: energy. Hot-thin spikes resulted from the initial discontinuities and a cold-

thick spike resulted from the shock collision. For more details see Tables and
Figures VI.

¢. The LAX-WENDROFF Solution

In addition t., the spikes observed in the PUFF solution there is also.a
considerable amount of oscillatinn in evidence in tte LAX-WENDROFF Solution. The
time factor used was .39 and the artificial viscosity factor used was .25; as in

———
T T T T Y ey

SCTP-V the time and viscosity factors were multipled by one-twentieth on the first

! 118
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time step, two~twentieths on the second, etc., until the twentieth time step and
thereafter when they weve left at the values of .39 and .25 respectively. For
more detz{'s see T..b*~3 an? "{ ,rres VI.
g .
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7. TEST PROBLEM SCTP-VII

a. The Exact Solution

In this problem one shock wave overtakes another. This problem is

another special case of the Riemann problem. Two shock waves are traveling in

the same direction, which is takea to the right. When two shock waves are

traveling in the same directiou, the one behind will always overtake the one in

front. After overtake time, a rarefaction travels back to the left (for y £ 5/3)
and a stronger shock travels on to the right and there is a middle region in

which the velocity and pressure are constants v, and P.

Proceeding from left to right, the initial values are Pz, vy connected
by a right-facing shock to Plr’ Por which in turn is connected by a right-facing
shock to Pr’ Pre Vo

After overtake vy = v +¢,.(Py) for the shock traveiing to the right and
v,

m = Vg — Vg(Py) for the rarefaction traveling to the left. Recall that
A
%e(?n) = (*a = P) TR ¥ GO,
and

1
27 | 2 i
9.( m) y-1 o Y m 4
%

From the above relations Vo and Pm are determined.

In the middle region there will be two values for the density; p,. = V;é
to the left of the overtake point and Par = V;% to the right of the overtake

point. The Rankine-Hugoniot relation determines V. by

Fo * Pr
2

1
v-1 (?m Vor - By vr) +

(Ve - )
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and p,, is determined from the fact that the entropy does not change through a

Y
Pp [Pg
Pm Pom
Let vgo, Xgy and vg ., Xg, be the velocities and positions of the left and
right shocks prior to overtake; (X, to) be the point where overtake occurs; Vg

Xg be the velocity and position of the shock after overtake; XC be the left side

of the rarefaction wave; X  be the right side of the rarefaction wave and Xp be

rarefaction; therefore,

the position of the point in the fluid where overtake occurs.
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Solution Summary:

Prior to overtake (t < to)

LEFT
REGION

MIDCLE
REGION

RIGHT
REGION

{ For X < st(t), the values are Poy vy, Py

{ For XSl(t) < X < XSr(t)’ the values are Pors

Vers Por

{ For X > XSr(t), the values are P, Ves Py

After overtake (t > to)

LEFT
REGION

MIDDLE
REGION

RIGHT
REGICN

{ For X < X, + (vl-Cz)(t-to) = Xo(t), the values are Py Vos 0,

(

r+1 +
For X.(t) < X < X, + (- C, + 13— Vo +<Iil Vz) (t-to) = Xp(t),

the velocity goes linearly from v, at Xc(t) up to v, at

XR(C) and
C=cy-LL (vyv)

2

N CAL

2Y
-1
C A §
)

For the region Xg(t) < X < Xg + vm(t-to) = Xp(t), the values are
Pns Pgps 8nd vy, For the cegion Xp(t) < X < Xy + vg(t-ty) = Xs(t),

the values are P v, .

m? pmr’ m

For X > X;(t), the values =:e P, Pps V

r
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The necessary data for this problem are:
INITIAL VALUES: Pg, Py, Pr’ Ops Vo
From these values all other initial values are determined.
BOUNDARY VALUES: At X = O (the left boundary), hold the values at Pi’

Pgs Vg and at XQ (the right boundary) hold the values

at Pr’ s vr.
Now the specific numerical values are presented for SCIP-VII:

AX = ] meter

Xg,(0) = 25 metern
XSr(O) = 100 meters
P, = 10* dynes/ca?
Py = 10-8 gm/cm3
v, = 0

Py, = 108 dynes /ca?
P, = 1012 gynes/cw?
XQ = 200 neters

These values yield

* 1.97 x 10® ca/sec

[9)
»
]

= 3.82 x 10% cm/sec

<
>
]

3.60 x 10~5 gm/ce®

Vg * 4.56 x 108 ca/sec

vg, = 1.095 x 107 cu/sec
t, = 1.683 x 10°5 sec

X, = 1.018 x 10* ca

P, = 3.32 x 10!! dynes/c=?

Vir = 9.13 x 10% cm/sec
bip & 5-997 x 1078 ga/ea’

Vo = 5.26 x 108 ca/sec
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vg = 6.31 : 108 cm/sec

Pme © 1.63 x 10-5 gm/cm3

Ppr = 6:000 x 1076 gm/cm®

» R = it st )
A Y S T S A LM T e sk

This problem was run to 3 x 107> sec. i

b. The PUFF Solution

As in SCTP-VI, the major errors in evidence were the spikes in density
and internal energy. Hot-thin spikes resulted from the initial shock disconti-

nuities and a cold-thick spike resulted from the shock overtake.
see Table and Figures VIiI.

For more details,

R O e ey o
A
T e e I e

¢. The LAX~WENDROFF Solution

In addition to the spikes observed in the PUFF solution, there is also

more oscillation in the LAX-WENDROFF solution. The time factor used was .39, the

artificial viscosity factor used was .25, and both factors were multiplied by

{ s one~twentieth on the first rime step, two-twentieths on the second, etc., until
the twentieth time step &nd thereafter when they were left at the values of .39
and .25 For mora details, see Table and Figures VII.

o — 1 -1 -

138




9101 X 8I%°C 910T X T8%°1 10T X 0L€£°6 NIMXV1
w 90T X 92%°¢C 90T X 68%°T s10T X ¥LE°6 10VX3d
£8asuy °+30] wng £A8xaug -uy)y wng £3x3uyg °*3ul ung
W cx = x jugod pINi 3 9YlL 799" + 196° [AARY A312u3
¢ Oy = x 3urod pPINTJ 3YL 917 + \TAKA €2y £31suaqQ
w Sy 80G° - 0Ls”’ 9y°1 A3F0073A
w . Sx ssz - oge” e T aanssa1d _
R \, 10117 wnuixey jO UOTI3ITSod 10119 WAETXER 30113 °*abg wng 301213 °*sqy uwng

Bk i i s omi kasiargciscsxint o ARSI IR A

00Z = S9UOZ DATIDY 3JO IIQUNN

235 Hg( = dwl3l I3Indwo)

— -

' §
! i
X . 616C = 272240 ~2s ¢_OT X g = w3 wWATOd
m i 430¥aNEN-XV1
| {
W 4
! h
‘ o
w_ 9101 X SZT%°T 910T X 88%°1 c10T X 0LE"6 LT
N i 910T X 92%°2 90T X 68%°T G101 X %LE°6 10VX3
m, A8asug °30], wWnS £81aug °ury wWns A8aaug °-3u] ung
M Uy = x jutod pINT3 ¥yl 1868° - 806° %9°¢ A3x9ugq
i AOV&W* = X uﬁ.hOam pINTJ 34yl VA XA XA 09°1 K3gsuaqg _
: ! wx L9y + 696" LE'T £310073p .
w 5% 8T- - ie” L8 sanssaig _
10117 wnuyxel JO UOYITSOd 10117 WNETXER 10113 °*abg ung 30119 *sqy wng
~ 00Z = S9UOZ JATIDY JO I3qUIN 29s go7 = 2wyl 133ndwo)
. Y 7991 = 324D 99s . _OT X £ = Juyd WAYQ0Id
1 M aand
X
e &
Fo IIA-dLOS NO SHO¥¥d
! e
< IIA TGSl




1IVX3-ad 1A anbyy

001

PO

1 3
¥ -iA~d1IS == 93 ddiNd
NOILMT0S 139X3

el

el

BOIPUS

O0td

134

s G O T i%%ﬁ«?%tg

140




PR e Qun

1OVXF3A ‘1A 3nbyg
(W) Dl SNICHY

0ce ale 002 Q61 081 oLt ’? 031 0St Ohl 0ct 0ct ott 001
01- T L. | T T Y T T \ T T T 0
01 - 4 &
02 - g 9
s
Om = -4 Q
Oh - 4 o
as - 4 al
b1 ")
 otn 0153
. L 1 A 1 A (] 1 2 i 1

1. - |
N~tA-d12S ae 39 JiNd
,.01t000°¢ ML NOILNIRS 12BX3




e oy B i o s —

- e——

010

Wﬂ%ﬂﬂ!#. NI a} >

g e

2 L

1iNd=-ad °1IA 3in6yy

(W3}, O1s SNICYY
022 012 002 0”1 0Bl 0Lt . 08t Ohl Qet ott a0t
T Q I s it i s i L — aQ
o 7 S
5 1 h
L 4 S
! 4 s
- 1 ot
SO/YB0
0t
1 1 -1 A 1 1 i 1 1
U-11A-d135S we 99 Jind
,-01:000°€ 3wl Shal 37047
L P W EN NI TN el hasad AN, MU mialaie

142




e —- . — So—r— oty ;o e

EMOSPECARITIR L - YA i o e ™ -

Qt

0e

0e

Oh

0s

AD
01

002

=40
D

and

B o s e e

I

43nd=3A “11A 34n6id

(H3)
LY
L

081

-oﬁu

SnIauy
0S1
T

o e - eS———e

PR

Dbl 0E1 021 011 0ot
T L

A,

W

1

s

9

b

b

s

:

L

3

s
<«

143

,01d

1 1 1 1

,01:000°€

1 1
g 1IA o1JS ww 33 4404

IWLL

2hgl

37240




PSR L

hear o

4
¢

o

W)
oLt

4J04ONIM-XV-0d “11A aanbl4

,0b

00t

144

,0ld

N s o
el R L B NI

g1
il

A
g-11A-d13S
6162 31IAD

- g ¢ e e




PR E T TS e N Ll

ot-

ot

0e

0€

Oh

0s

olN

F40YANIM-XVTIA 1A aanbyy

(NJ), 0T« SP10bY

022 012 002 061 081 oLt 091 0S¢ Okt 0t 02! ot oot
L4 3 L4 J 1 L] 1 1 1 T L 0]
- —— {2
- i &
- 1 9
)
- 41 s =
- -~ ot
- 1 2t
[ end
014
- | A I} 1. L i 1 i 1 1 1
N3HYD g-11A=dI35
LQLCOOE  3wlL 6162 31343

At rracid




o SR, e

S

g -, i PR ol
e ‘r.w»'gv-?gng; AT TS

§

SECTION III

CONCLUSIONS

The most apparent difference between the PUFF and LAX-WENDROFF solutions is
the greater tendency of the LAX-WENDROFF scheme to oscillate.

In those flows in which there are no strong shocks of strong rarefactions or

vacuums, the LAX-WENDROFF scheme is more accurate than PUFF. However, in those

flows in which there are strong shocks or strong rarefactions or vacuums the PUFF
scheme is more accurate. The LAX-WENDROFF scheme cannot handle vacuums because
of the use of the specific volume instead of the density as a fluid variable. It
appears that the LAX-WENDROFF scheme could be improved by using an artificial
viscosity of the type used in PUFF. And in general it appears that it might be
possible to combine the better features of PUFF and LAX-WENDROFF to produce a

superior hydrocode. This will be investigated and discussed in a forthcoming
report.
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